According to the U.S. Department of Energy's wind energy scenario, 20% share of the U.S. energy portfolio is to come in from wind power plants by the year 2030. This research aims to quantify the direct and supply chain related indirect environmental impacts of onshore and offshore wind energy technologies in the United States. To accomplish this goal, a hybrid life cycle assessment (LCA) model is developed. On average, offshore wind turbines produce 48% less greenhouse gas emissions per kWh produced electricity than onshore wind turbines. It is also found that the more the capacity of the wind turbine, the less the environmental impact when the turbine generates per kWh electricity.
Introduction
The utilization of fossil fuels is causing local and global environmental problems. Hence, fossil fuel consumption should be minimized and green energy technologies should be supported by policy makers for more sustainable energy policies (Midilli, Dincer, and Rosen 2007) . At this point, green power is considered as one of the options to mitigate the energy-related environmental impacts. For this reason, the utilization of wind energy is a significant growing trend, both globally and in the United States. Despite the financial crisis and reduction of the wholesale electricity prices in 2009, the rate of wind power utilization in the United States was 20% higher than its previous record, while the amount of cumulative wind power capacity increased by 40% in the same year (Wiser and Berkeley 2010) . In addition, the U.S. Department of Energy (DOE) has developed an energy scenario in which the share of wind energy in the energy portfolio of United States will be 20% by the year of 2030, which means that a tremendous growth of wind energy capacity is projected amounting to 300 gigawatts (DOE 2008) . The increasing share of wind power in the electricity grid of United States will, in turn, lead to an emphasis on understanding the related environmental impacts of wind power industry.
It is a fact that climate change is one of the main reasons that make the wind energy an attractive option among the new generation energy systems. The wind power industry has presented itself to be one of the best green and renewable energy sources Address correspondence to O. Tatari, Department of Civil, Environmental, and Construction Engineering, University of Central Florida, Orlando, FL 32816, USA. E-mail: tatari@ucf.edu Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ljge. (Martínez et al. 2009 ). However, the utilization of wind turbines for electricity production has a wide range of direct and indirect environmental impacts related to consumption of natural resources and energy in different life cycle phases, such as material extraction and processing, construction of wind plant, transportation of materials, operation, and dismantling (Noori, Kucukvar, Tatari 2013) . These direct and indirect environmental impacts play a vital role in answering the questions as to what extent wind power technologies provide a sustainable solution.
To answer the questions related to environmental impacts of wind energy technologies, life cycle assessment (LCA) models could be utilized. LCA is a well-established decision-making tool that aims to quantify the environmental impacts of a product or a process from cradle to grave by including several life cycle phases; raw material extraction and processing, manufacturing, use phase, and end-of-life (ISO 1997) . Goal and scope definition, life cycle inventory analysis, life cycle impact assessment, and interpretation of results represent the main consequent steps of a generic LCA methodology (ISO 1998; 2000a; 2000b) . In general, processed-based LCA (P-LCA) suffers from the unwanted errors due to narrowly defined system boundaries. In these LCA models, only on-site, mostly first-order, and some of the second-order impacts are considered (Lenzen 2000; Lenzen and Munksgaard 2006) .
However, approaches based on holistic environmental LCA methods can estimate the total environmental impacts across the entire supply-chain, and earlier studies suggest that using narrowly defined estimation boundaries will generally lead to large underestimates of carbon emissions and other environmental life cycle impacts (Suh et al. 2004) . Although these models are very successful in including the entire economic supply chain that would be mostly missed with P-LCA, analysis of specific processes is not found to be as detailed as P-LCA. In order to take advantage of both economic input-output LCA (EIO-LCA) 940 Noori, Kucukvar, and Tatari and P-LCA, hybrid LCA models were developed to combine both models to provide a more detailed and powerful assessment methodology (Bullard, Penner, and Pilati 1978) .
There are several studies that discuss the sustainability impacts of wind energy. For instance, Kaldellis and Zafirakis reviewed the previous works on wind energy applications and studied the wind energy developments, globally and in the United States (Kaldellis and Zafirakis 2011) . In their study, they underlined the main issues of global market facts, technology, and economic and environmental performance of wind power. Esteban et al. (2011) discussed the increasing trend of offshore wind energy utilization and compared offshore wind power with onshore wind power and other renewable energies. Lenzen and Munksgaard reviewed the existing life cycle assessments of wind turbines and discussed the variation of energy use and CO 2 emissions among them. Based on their study, about 70 LCA studies on wind energy systems analyzed the impact of different parameters, such as lifetime, load factor, and power rating on the amount of energy and CO 2 emissions (Lenzen and Munksgaard 2006) .
In addition, Lenzen and Wachsmann studied a particular wind turbine in Brazil and in Germany, in order to estimate the effect of geographic factor on the life cycle energy consumption and CO 2 emissions (Lenzen and Wachsmann 2004) . In this study, five scenarios with five installation options have been taken into account. Schleisner developed the P-LCA model to quantify the energy and emissions related to offshore and onshore wind farms (Schleisner 2000) . In this study, the total energy use associated with the production, manufacturing, and transportation has been calculated. In addition to these studies, Jungbluth et al. in Europe studied on the environmental impacts of four different onshore wind turbines with capacity ranging from 30 kW to 800 kW, and one offshore wind turbine with 2 MW capacity using the P-LCA methodology (Jungbluth et al. 2004) In another study, Ardente et al. evaluated the energy and environmental impacts of a wind farm, which consists of 11 wind turbines, each with 660 kW capacities by developing a P-LCA model for a functional unit of one kWh electricity production (Ardente et al. 2008) . Additionally, Martinez et al. developed the P-LCA model for a multimegawatt wind turbine. This study focused on the environmental impacts of onshore wind turbine with 2 MW capacity, which is installed in Spain (Martínez et al. 2009 ).
As can be seen from the earlier LCA studies, the environmental impacts of different wind power plants have been extensively analyzed using the P-LCA models. The EIO-based hybrid LCA methodology can also be utilized to quantify the environmental implications of onshore and offshore wind plants; however, there have been limited researches considering direct plus indirect environmental burdens of these energy systems, simultaneously. Therefore, the overarching goal of this study is to fill this research gap, and answer the questions regarding the sustainability performance of different onshore and offshore wind power technologies from a systems perspective.
The rest of the paper is organized as follows. First, the scope and functional units are defined, and a hybrid LCA methodology is presented. Second, the life cycle inventory of selected onshore and offshore wind turbines is discussed. Third, the environmental impacts associated with per kWh electricity generation are presented with details. Forth, sensitivity analysis is discussed. Lastly, the conclusions of our research are drawn, and the future work is pointed out.
Life Cycle Assessment Methodology

Scope of the Study and Functional Unit
In this paper, we analyze the environmental impacts of four different wind turbines. The environmental factors consist of greenhouse gas (GHG) emissions (g CO2-eq), energy consumption (kJ), toxic releases into air, surface water, and underground water (mg), hazardous waste (kg), and water withdrawal (gal). The results are expressed over the life cycle of a wind turbine based on one kWh electricity production. This functional unit is the most commonly used unit in life cycle studies in energy-related areas (Lenzen and Munksgaard 2006) . In addition, the wind turbines in our analysis consist of two onshore (V80-2.0 MW and V90-3.0 MW) and two offshore (V80-2.0 MW and V90-3.0 MW) turbines, which are manufactured by Vestas Wind Systems A/S. Several important life cycle phases, such as manufacturing of the wind turbine and related components, construction and erection, operation and maintenance services, and transportation and end-of-life have been included in the scope of our study.
Hybrid LCA Model
Economic input-output analysis is a well-established model, which was theorized and developed by Wassily Leontief in 1970s, based on his earlier works in the late 1930s, for which he received the Nobel Prize (Leontief 1970) . In its simple and basic form, an input-output model includes a system of linear equations, and each one introduces the distribution of an industry's product throughout the economy (Miller and Blair 2009) . In this study, the EIO-LCA model, which includes 428 sector input-output tables for the U.S. economy, has been used (CMU Green Design Institute 2002). Using the EIO-LCA model, GHG and toxic emissions, as well as energy and water consumption for producing electric energy from onshore and offshore wind turbines have been analyzed from a holistic perspective.
In the EIO model, the sector-level interdependencies are considered, and represented by the direct requirement matrix of A. This matrix represents the direct requirement A, which consists of dollar value of inputs required from other sectors to produce one dollar amount of output. In addition, f which is named as the final demand vector represents the change in a final demand of the desired sector. I is the identity matrix, and X denotes the total output of a sector that can be expressed as (Joshi 2000) :
Here, (I -A) −1 is also called as the Leontief inverse or the total requirements matrix (Miller and Blair 2009 ). The environmental impacts of an industrial sector can be calculated by multiplying the economic output of the industrial sector with per dollar environmental impacts of output, and it can be written as follows (Hendrickson et al. 1998 ):
where O i is the total environmental output (direct impact and indirect impact) for the category of i, and E i represents a diagonal matrix including the environmental impacts per dollar output of industrial sectors. In this study, a hybrid EIO-LCA model has been developed which aims to quantify the total environmental burdens of different wind turbines. The mathematical formulation of a hybrid LCA model can be expressed as follows:
where R i is the total environmental burden which is summation of direct and indirect environmental impacts associated with the entire life cycle of a wind turbine. Q i is the total input requirements for a process, and e i is the unit environmental impact factor associated with the consumption of Q i . For example, GHG's are emitted during the transportation of materials in manufacturing, operation, maintenance, and endof-life phases. We considered diesel as a main fuel source for the transportation. The amount of GHG's emitted here includes the whole supply chain of diesel production. Moreover, based on Eq. (3), tailpipe emissions related to diesel combustion have also been considered, which are called as process emissions. For the other environmental impacts of wind power plant, the same hybrid LCA methodology has been utilized.
Life Cycle Inventory Analysis
For the detailed inventory data, two VESTAS LCA reports, comparing onshore and offshore wind turbines have been used (Vestas Wind Systems A/S 2004; 2006) . The information on total electricity generation, tower weight and height, and foundation weight are presented in Table 1 with details. A wind turbine consists primarily of four main parts, such as foundation, tower, nacelle, and rotor. Offshore wind turbines generate more electricity than onshore wind turbines during their lifetime. Based on the VESTAS reports, the lifetime of a wind turbine has been assumed to be 20 years.
According to Table 1 , offshore V80-2.0MW wind turbine produces 1.43 times more electricity than the V80-2.0MW onshore, and offshore V90-3.0MW wind turbine produces 1.77 times more electricity than V90-3.0MW onshore wind turbine. Among wind turbines, the foundation of onshore wind plants has a higher mass compared to offshore wind turbines (see Table 1 ). This is because onshore power systems required a higher amount of concrete and steel in their foundation. The weight of foundation in V80-2.0MW onshore wind turbines is approximately four times more than offshore V80-2.0MW turbine, and it is approximately six times more than offshore wind turbines for the V90-3.0MW turbine.
The materials of foundations mainly include concrete, iron, and steel. Concrete and iron are used for the reinforced concrete, and steel is used for the ferrule. In addition, the tower of wind turbine is produced by steel because of the fact that concrete towers need to be built in a time-consuming and stepby-step manner which also requires more economic investments (Lenzen and Munksgaard 2006) . Based on Table 1 , for the wind turbines with the same capacity, the weight and height of the towers for the onshore wind turbines are more than offshores. The nacelle includes all of the generator's components in a shelter of glass-reinforced plastic. The glass-reinforced plastic is made of 60% glass fibers and 40% epoxy resin. The components of the nacelle involve gearbox, generator, main foundation, transformer, nacelle cover, yaw system, and cables. Due to the high complexity of components of the nacelle, data from previous studies have been used to determine the life cycle inventory of different materials found in it (Martínez et al. 2009 ).
During the entire lifetime of each turbine, one complete oil change in the gearbox and cooling system has been considered in the operation phase. Also, the inspection is divided into two stages; in the first operation period daily inspection is considered and for the normal operation once in every 3 weeks. For the substation parts, it is assumed that one blade in the total life cycle will be replaced, and also 15% of the nacelle components will be replaced. Transportation distances are obtained from the wind turbines' LCA reports (Vestas Wind Systems A/S 2004; 2006). The corresponding masses and materials for the wind turbines have been expressed in Table 2 .
For the unit emission factors and fuel efficiency of transportation, NREL life cycle inventory database for diesel-powered single-unit trucks is used (NREL 2010). In addition, for the recycling phase, the VESTAS recycling scenario for the wind turbines is used. The foundation is assumed to be covered by a layer of organic soil, and it will not be recycled (Martínez et al. 2009 ). The producer prices of each energy and material input used in our input-output based LCA model has been compiled by several publicly available data sources. Then, the EIO-LCA tool, which was developed by the Green Design Institute at Carnegie Mellon University, is used to quantify the direct and indirect environmental impacts considering different life cycle phases (CMU 
Results and Discussion
GHG Emissions
By using the hybrid LCA method, the GHG emissions of different life cycle phases is studied. In order to have a comparison between the total amounts of GHG emissions per kWh electricity production, the total carbon footprints of onshore and offshore wind turbines are compared. The total GHG emissions and per kWh GHG emissions associated with different life cycle phases is shown in Figure 1 . The results show that the transportation phase will release the largest amount of GHG for all wind turbines. Also, GHG emission of the construction and erection phase is considerable.
As can be seen from Figure 4 , due to the use of a considerable amount of concrete in the foundation of the wind turbines, more than 90% of the GHG emissions of the construction and erection phase are related to concrete and its supply chain. In addition, the manufacturing phase is mostly placed third in the emission of greenhouse gases. More than 95% of the carbon footprint in the manufacturing phase is related to steel, glass fiber, and epoxy. On the other hand, operation and maintenance phase has the lowest contribution to the total carbon footprint among all the phases.
Based on Figure 1 , the total amount of carbon footprint for the V90-3.0MW wind turbines is more than V80-2.0MW wind turbines for both onshore and offshore. However, the calculated carbon footprint per kWh of the V90-3.0MW wind turbines is less than V80-2.0MW wind turbines. This is basically because of the fact that V90-3.0MW wind turbines produce more electricity during their lifetime. V80-2MW onshore produces 1.17 times more carbon equivalent than V90-3MW onshore and this amount is 1.5 for the offshore turbines. In addition, onshore wind turbines emit more GHG per kWh electricity produced than offshore wind turbines. V80-2MW wind turbine produces 2.47 times more carbon equivalent when it is installed onshore. This amount is 3.18 times more for the V90-3MW. Moreover, due to the decomposition scenario of the input materials, the carbon footprint per kWh electricity decreases up to 13% for the onshore wind turbines and up to 18% for the offshore wind turbines.
The accuracy of the input material in the LCA studies plays a vital role in the precision of the final results and uncertainty in LCA databases is the primary reason for having different results between analyses depending upon which databases they used. In this study, in order to verify the final results, a comparison between the emissions of related studies on wind turbines has been done and presented in Figure 2 . Wherever the CO 2 equivalent was available, this number has been used for the comparison. Also, while there were onshore and offshore wind turbines, an average of the related emissions has been used to represent the calculated burdens of wind power plants.
Energy Consumption
The energy consumption of different wind turbines has been depicted in Figure 3a . The energy consumption for construction and erection phases is found to be the highest in comparison to other life cycle phases. The share of energy consumption of concrete is more than 85% in the onshore wind turbines and more than 75% in the offshore wind turbine for the construction phase. Concrete, aggregates, and crushed stone are consuming more than 95% of total energy in construction phase (See Figure 4) . In addition, for the manufacturing phase, more than 90% of the total energy consumption is attributed to steel, glass fiber, and epoxy. Among these materials, steel plays a vital role, where more than 60% of total energy consumption is related to steel for all of the wind turbines (See Figure 4) . On the other hand, the operation and maintenance phase consumes the lowest amount of energy. Another important finding is that recycling of wind turbine materials can save up to 24% energy consumption for the onshore, and up to 35% for the offshore wind turbines. Figure 3b shows the hazardous waste related to production of electricity from wind turbines per kWh of produced electricity. Hazardous waste of the manufacturing phase will take the lead in this graph for the all wind turbines. This is mainly because of using steel which itself will release around 50% of the total hazardous waste in the manufacturing phase. After manufacturing phase, transportation is found to be responsible for second highest hazardous waste emissions. Similar as the previous categories, the emissions of the maintenance phase are the least. It is important to note that the recycling of input material will cause a reduction of emitted hazardous wastes. This amount is up to 22% for the onshore wind turbines and up to 25% for the offshore wind turbines.
Hazardous Waste Generation
Water Withdrawals
The results show that water withdrawal of offshore wind turbines is less than onshore wind turbines, as indicated in Figure 3c . For all onshore and offshore wind turbines, water consumption related to construction phase is considerably more than other phases. For the onshore wind turbines, concrete, aggregates, and crushed stone approximately consume 95% of total water in this phase. On the other hand, concrete, lead, copper, and aggregate utilize around 90% of total water for the offshore wind turbines. Almost 70% of total water consumption during construction phase can be attributed to concrete, which is used in the foundation of the onshore wind turbine. On the contrary, 60% of total water in the offshore wind turbines is related to concrete which has been used in construction phase. For the manufacturing phase, steel, glass fiber, and epoxy consume around 88% of total water (see Figure 4 ).
When we look at the onshore wind turbines, the maintenance phase is found to be responsible for the lowest water consumption compared to other phases. For offshore wind turbines, the transportation phase uses the minimum amount of water. Another critical result is that with recycling of wind turbine components, 18% of total water consumption can be saved for onshore, and 25% of total water consumption can also be saved for offshore wind turbines.
Toxic Releases
Toxic releases for the offshore wind turbines are less than onshore wind turbines, as has been depicted in Figure 5 . For the onshore wind turbines, construction phase releases the highest amount of toxics into the air. This is due to using concrete in the foundations of onshore wind plants. The concrete itself contributes more than 80% of the air toxics in the construction phase for the onshore wind turbines (see Figure 4) . On the other hand, for the offshore wind turbine, total air releases of the manufacturing phase takes the lead from construction phase. With a considerable difference in all of the turbines, the manufacturing phase releases the most toxics into surface water. Manufacturing and construction phase also release the main toxics in the underground water for all of the wind turbines.
Sensitivity Analysis and Discussion
In this section, the effect of two significant parameters on environmental impacts has been analyzed; such as the amount of electricity that has been produced and the lifetime of a wind turbine. These factors clearly affect the environmental burden. In order to analyze the sensitivity of the results based on changing the produced electricity, all of the other factors have been presumed to be constant. The energy produced is assumed to vary between 113 GWh and 280 GWh for the studied wind turbines. Total carbon footprint has been singled out to be a representative of the environmental impacts.
In Figure 6 , the actual energy production of each of the turbines is depicted on the related curves in units of gram CO 2 equivalent per kWh-produced electricity. Although in reality GHG emissions of V90-offshore wind turbine is the least among the studied wind turbines, for any given energy production, V80-offshore emits less GHG. In other words, while there is a need for a specific amount of electricity, V80-offshore wind power plants cause the least environmental burden.
The analysis shows that the total lifetime of a wind turbine has a proportional effect on the environmental burden per kWhproduced electricity. The lifetime of the studied wind turbines is 20 years. In Figure 7 , GHG emissions of the same wind turbines with the same conditions under 15 years and 25 years operation are shown. Besides the lifetime, other affecting factors are kept to be invariable. Increasing the lifetime enhances maintenance and operation emissions, while manufacturing, construction, and transportation emissions are kept constant. Increasing the lifetime causes a higher overall greenhouse emission and also produces more electricity. The effect of enhancement in produced electricity overweighs the increase in environmental burden and as a result the greenhouse gas emissions per kWh will be decreased.
According to Figure 7 , this amount varies from 80% to 133% of carbon footprint of the actual lifetime. The same trend is discussed in the energy production section, where increasing the produced energy will lead to a smaller overall energy consumption.
Although the resource consumption of offshore wind turbines is higher than onshore wind turbines (except for concrete which is mainly used in the foundation of onshore wind turbines), offshore wind turbines have less environmental impact than onshore wind turbines per kWh electricity generation in their life cycle period. In the United States, offshore wind power plants are still not used as much as onshore wind power plants. Until 2009, all wind power plants in the United States had been located on land (Wiser and Berkeley 2010) . However, the findings of this research show that offshore wind turbines generate less environmental impact in their entire life cycle period when compared to onshore wind turbines. Therefore, it is important to note that offshore wind power technologies can be a viable solution to minimize the net environmental impact associated with electricity generation in the United States.
Conclusions
In this study, a hybrid LCA model has been developed to analyze the environmental impacts of two onshore and two offshore wind turbines. On average, the GHG emissions for onshore and offshore wind turbines are 17.37 and 7.44 g CO 2 eqv/Kwh, respectively. In addition, V90 wind turbines are more environmental friendly than V80 wind turbines per kWh of generated electricity, as they emit 14% less GHG emissions in onshore and 30% less in offshore wind turbines. This is because V90-3.0MW generates more electricity during its lifetime than V80-2.0MW. In this paper, the impacts of net electricity production and life cycle period on the net environmental footprint of wind turbines have also been analyzed. The results indicate that by increasing the lifetime of each wind turbine, the environmental footprint of electric power generation for each onshore and offshore plant will significantly be reduced. Therefore, the longer lifetime the wind turbine has, the less environmental impact the wind turbine generates per kWh electricity production. In addition, our results also show that the more the capacity of the wind turbine, the less the environmental impact the wind turbine generates in its lifetime. Last but not the least, there are different types of uncertainties in all of LCA phases and we recommend extending the existing LCA methodology and developing a model which addresses these uncertainties.
